Observation and measurement of a weld pool surface is a key towards the development of next generation intelligent welding machines which can mimic a skilled human welder to a certain extent. However, the bright arc radiation and the specular surface complicate the observation and measurement task. This paper proposes a novel method to turn the difficulty of the specular surface into an advantage by exploiting the difference between propagation of an illumination laser and the arc plasma. The governing law is simply the reflection law which can provide the base for the computation of the weld pool surface. Experimental results verified the effectiveness of the proposed method in acquiring clear images in the presence of the bright arc.
Introduction
Observing the weld pool surface and measuring its geometrical parameters is a key to developing intelligent welding machines that can mimic a skilled human welder to a certain extent who observes the weld pool to adjust welding parameters. Unfortunately, the bright arc and the specular weld pool surface prevent all existing commercial vision systems from being qualified. In addition, the weld pool is dynamic and may change rapidly and the sensor must function in the environment of welding which is known to be harsh. Hence, although the measurement of the weld pool surface is important, a literature survey shows that limited work has been done in this area.
An early work was conducted at the Ohio State University by Rokhlin and Guu [1] [2] [3] using radiography. The radiation of the received x-ray increases with the depression depth. However, the principle behind this method is to measure the material thickness. For full penetration where backside pool surface deformation occurs, the pool surface shape will be difficult to extract.
The first true observation method for the weld pool surface was developed at Welding Research Laboratory, University of Kentucky (UK) based on two major advances [4] . First, to eliminate the influence of the bright arc light, a short duration pulsed laser was projected onto the weld pool and the camera shutter was synchronized with the pulse duration. The arc light was essentially eliminated from the image [5] when the shutter speed was fast enough. Second, a special technique [4] was proposed in order to acquire information from the specular surface. In fact, common practice for measuring a 3D surface is to project a structured light onto the surface and sense the diffuse reflection from the surface [6, 7] . Unfortunately, the weld pool surface is specular and no substantial amount of structured light can be reflected diffusely. The special technique proposed in [4] is to project the laser through a frosted glass so that the laser's travel direction changes because any point of the frosted glass becomes a new point light source which disperses light with a certain diffuse angle. The camera views the slits (grid openings) through their reflection from the weld pool surface. Their virtual image [8] consists of bright stripes deformed by the weld pool surface deformation and is sensed by the camera. The resultant image (shown in figure 1) contains the information about the shape of the weld pool surface.
As can be seen, the above method is capable of obtaining specular reflection from the weld pool surface in the presence of the bright arc. However, the synchronization of the laser and high-speed shutter requires specific, high-cost and sophisticated equipment not suitable for use in production. More critically, to suppress the arc, the power of the laser during the pulse must be very high (70 kW for images shown in figure 1 ) and the frame rate thus cannot be very high (30 frames s −1 for images in figure 1 ) because a high frame rate would increase the average power of the illumination laser.
Two paired cameras have also been used to capture images for measuring the weld pool surface [9] . The paired images are rectified using calibration parameters obtained through the stereo calibration procedure. Then by using stereo processing algorithms the weld pool shape is rendered in three dimensions. It is unclear how the effect of the bright arc and the specular surface on imaging can be eliminated to acquire quality images which can give reasonably accurate results.
As aforementioned, the bright arc and specular weld pool surface are the two major difficulties. In this paper, an approach is proposed to use the specular surface to overcome the difficulty caused by the bright arc through exploiting the difference between propagation in an illumination laser and arc plasma. The resolution of the major difficulties provides an effective method which can observe and measure the specular weld surface with a low power illumination laser at a high frame rate.
Proposed observation system
The proposed sensing system is shown in figure 2 . The welding process used is gas tungsten arc welding (GTAW). To observe the three-dimensional shape of a weld pool surface, a 20 mW illumination laser at a wavelength of 685 nm with variable focus is used to generate multiple lines. The projection fan angle is 5
• and the interline angle is 0.23
• . Five laser lines are projected on the weld pool under the torch electrode at 27
• in the OYZ plane. The distance from the laser to the weld pool is approximately 90 mm. An imaging plane is parallel to the OXZ plane at a known distance of 53.6 mm from the axis of the electrode (i.e., axis Z). To minimize the influence of the arc, the camera observes the imaging plane with a band-pass filter of band width 10 nm centred at a wavelength of 685 nm.
Although the illumination laser is continuous and has very low power (20 mW) in comparison with that of the arc, clear images as shown in figure 3 are obtained in the presence of bright arcs. This is because the system shown in figure 2 takes advantage of the difference between propagation in the illumination laser and arc plasma. In fact, the arc light intensity decreases with the square of the distance. On the other hand, due to the coherent and unidirectional property of the laser light waves, the laser's travel direction remains unchanged and its intensity or power loss over the distance travelled by the laser light is insignificant in comparison with that of the arc. In addition, the specular surface of the weld pool reflects nearly all the intensity of the projected illumination laser lines. Hence, if the imaging plane is placed reasonably far from the torch, the intensity of the laser light falling on it will be much stronger than that of the arc light.
As can be seen from figure 3 , the reflected light falling on the image plane is distorted and shaped by the specular reflection surface of the weld pool. The law which determines the distortion/shaping and can be used to calculate the weld pool surface is simply the reflection law. The image plane can be as simple as a sheet of paper attached to a transparent glass as long as the laser light falling on the image plane is also visible to the camera from the opposite side.
In the following experiments, an OLYMPUS i-SPEED high speed camera is used to observe the image plane with the band-pass filter centred at the wavelength of the laser, which blocks most of the arc light that falls on the imaging plane and allows viewing of light only in the wavelength range of the laser light. 
Experimental results
In the experiment, a 2 mm thick mild steel sheet was used as the work piece. The welding current was kept at 65 A and the welding speed changes from 2 mm s −1 to 3 mm s −1 at point C in figure 4 , which shows the welded work piece.
In the beginning segment of the experiment from point A to point B, the weld pool grows to a state of stable full penetration. While the image at point A is a blurred plane without any lines, the image acquired at point B is shown as the first image in figure 5 . In the segment B to C in figure 4 , the welding process is at a steady state of full penetration at a welding speed 2 mm s −1 . The patterns of the reflected lines vary only slightly (due to the oscillation of the weld pool surface) as can be seen in figure 5 where the first, second and third images are acquired at point B, in between points B and C, and point C respectively.
After the welding speed is increased to 3 mm s −1 at point C, the area of the weld pool on the top side (the side aimed at by the torch) of the work piece decreases and the surface changes its shape and becomes shallower or changes from being concave towards being convex. The depth of the weld pool also reduces because of the reduced heat input so that the backside width of the weld pool reduces in segment CD and eventually becomes zero at point D (i.e., the penetration state changes from full to partial or the depth of the weld pool reduces to less than the thickness of the work piece). Hence, segment CD is a transition period. Figure 6 shows two images acquired during this transition period. As can be seen, the images during this period become smaller due to the reduced area of the specular (reflection) weld pool surface (see the top side of the welded work piece in figure 4) . However, the surface of the weld pool is also in transition from being concave towards being convex or being less concave; the decrease of the image size is thus not quite significant as the area of the weld pool surface is.
At point D through to the end of the weld, the penetration is partial and the weld pool surface on the top side becomes significantly convex. The first image shown in figure 7 was acquired at point D and the other two images were acquired during segment DE. As can be seen, although the area of the specular (reflection) surface becomes smaller, the images are larger than those acquired during the full penetration periods in figure 5 . The change of the weld pool surface from being concave or insignificantly convex to being significantly convex is responsible for this phenomenon because the weld pool surface must be convex when the penetration is partial and the weld pool surface must be concave if a significant full penetration is established or the convex degree is insignificant if the full penetration is not significant. In addition, it can also be seen in figure 7 that the number of the laser lines reduces from five to four. This indicates that the length of the weld pool has been reduced.
Conclusion and future work
Experimental results verified that clear images of the weld pool surface can be acquired using the proposed approach with a low power illumination laser. The clearness of the images assures that they can be processed to accurately extract the laser lines shaped by the specular weld pool surface and thus be used to accurately compute the weld pool surface. The novelty of the proposed approach which takes advantage of the specular surface and the difference between propagation in an illumination laser and arc plasma is responsible for achieving such quality of clear images.
The system used in this study is intended for laboratory experiments. To be used in next generation intelligent welding machines, the imaging system consisting of the imaging plane, band-pass filter and the camera as used in this study should be replaced by an imaging sensor chip behind a band-pass filter without any lenses.
The reflection law governs the deformation/shaping of the laser lines and provides the base for the computation of the weld pool surface from the deformed laser lines. The authors are currently working on the development of algorithms for real-time computation of the weld pool surface and on the use of the system in real-time control of the dynamic threedimensional weld pool surface.
